for the binding to centromeres but by itself is insufficient to rescue the lack of CENP-C in vertebrate cells or Drosophila embryos [6, 8, 14] . However, the exact function of CENP-C's N-terminal part has not been defined [8] . In vertebrates, CENP-C is also a component of the so-called constitutive centromere-associated network (CCAN; see [1, 2] for reviews) that comprises at least 14 proteins assembled in several subcomplexes. Whereas CENP-C seems to be a component of the centromere in all organisms, the associated CCAN proteins appear to be absent from the centromeres in C. elegans and Drosophila. Because these organisms thus provide a fundamentally simplified centromere whose functions may be easier to dissect, we were led to study the roles of CENP-C in kinetochore assembly using D. melanogaster as a model.
In order to test the localization properties of the two functional parts of CENP-C, we first arbitrarily divided the open reading frame and expressed both portions in Drosophila Dmel-2 culture cells ( Figure 1A ). We generated stably transformed cell lines expressing a transgene encoding a fusion of EGFP to the C-terminal 623 amino acids of the 1411 amino acid CENP-C (which we refer to as EGFP::CENPC-C). This transgene was under the control of the inducible metallothionein promoter to avoid potential dominant-negative phenotypes that might arise from constitutive expression. As expected [6] , this CENPC-C fusion colocalized with the centromeric marker CENP-A/CID during the entire cell cycle ( Figure 1B) . In contrast, a fusion of EGFP with the N-terminal 788 amino acids of CENP-C, EGFP::CENPC-N, localized to nuclei but not to centromeres when expressed from the metallothionein promoter ( Figure 1C ). This suggests that this half of the protein must be transported actively into the nucleus, although a nuclear localization signal within this part was not identified previously [6] . Moreover, its lack of centromeric localization suggests that this part of CENP-C is incapable of either dimerizing with full-length endogenous protein [15, 16] or interacting with other centromeric components.
This raised the question of what other proteins the N-terminal part of CENP-C might interact with. To address this, we built a stably transformed Drosophila cell line able to express a fusion of protein A::CENPC-N from the metallothionein promoter. After overnight induction of protein A::CENPC-N expression, we affinity purified the product of the transgene from cell extracts using IgG-coupled magnetic beads for analysis by mass spectrometry [17] . No peptides from the centromeric proteins CENP-A/CID [18] , CAL1 [19] , or the C-terminal part of CENP-C were identified, in accordance with the observation that CENPC-N does not associate with centromeres. Surprisingly, however, we were able to identify the entire set of kinetochore proteins belonging to the KMN (KNL1/Spc105, the Mis12 complex, and the Ndc80 complex) network [20] , including Spc105, Mis12, Nnf1, Spc25/Mitch, Nuf2, and Ndc80 (Figure 1D ). In addition, we identified proteins belonging to the 14-3-3 family with high Mascot scores [21] . The high levels of phosphorylation of CENP-C in cultured Drosophila cells and in Drosophila embryos [22, 23] would accord with being able to associate with 14-3-3 proteins that interact with phosphorylated targets [21] . None of the abovementioned proteins copurified with protein A alone (see Figure S1A available online).
Because we were not able to find any good candidate proteins that might provide a bridge between CENPC-N and KMN components, we speculated that the interaction might be a direct one involving the innermost part of the kinetochore, the Mis12 complex. To test this possibility, we synthesized the 35 S-labeled Mis12 complex subunits Nnf1a and Nsl1 and also maltose-binding protein (MBP) as a negative control in an in vitro transcription-translation system and investigated whether they would interact with bacterially expressed CENP-C fragments. (Mis12 appeared to be either insoluble or very poorly expressed in this system, and hence we could not test its interaction.) We did not detect any binding of MBP, Nnf1a, or Nsl1 to GST::CENPC-C. However, we did detect binding of Nnf1a to the N-terminal part of CENP-C, whereas Nsl1 binding was poorly detectable ( Figure 1E ). This suggests that this component of the Mis12 complex may be responsible for the association of the KMN network with CENP-C. It would accord with a recent study that places Nnf1, of all the Mis12 complex components, as lying most proximal to the centromeric chromatin [24] .
Our finding that the N-terminal part of CENP-C can associate with all proteins of the KMN network led us to speculate about its potential role in kinetochore assembly and test whether it would be sufficient to recruit the KMN network and other kinetochore proteins to ectopic sites. We chose to target this part of CENP-C to centrosomes and determine whether the KMN network would be recruited to the same site. To this end, we fused a centrosome-targeting domain from Plk4 kinase [11] in frame with the EGFP::CENPC-N construct (we termed this entire construct ect-KTR, for ectopic kinetochore recruitment). As a control, we also examined the localization and recruitment capabilities of the Plk4 centrosome localization domain (CLD) alone fused with EGFP ( Figure 2A ). Expression of either construct in Dmel-2 cells from an inducible promoter resulted in the localization of EGFP at the centrosome, confirmed by costaining with the centrosomal markers dPLP/Cp309 (the Drosophila counterpart of pericentrin) and dSpd2/Cep192 ( Figures 2B and 2C ). The ect-KTR fusion protein also localized to the nuclei of a substantial subset of cells during interphase, most likely reflecting the activity of its own strong nuclear localization signal ( Figure S1B ). However, we chose to focus on localization of these proteins in mitotic cells when kinetochores have normally assembled at the centromeres, thus allowing us to examine the extent to which kinetochore proteins localized to either centromeres or centrosomes. Because expression of either CENPC-N or ect-KTR caused frequent and severe mitotic phenotypes in which chromosomes became scattered so as often to lie in the vicinity of the poles (see below), we focused on examining the localization of kinetochore proteins in cells where centrosomes and centromeres were well separated ( Figure 2; Figure 3) .
We then stained cells with several antibodies raised against kinetochore proteins (see Supplemental Experimental Procedures and Figure S2 for details). Expression of the CLD alone did not lead to any change of the localization of kinetochore markers. Kinetochore proteins belonging to the KMN network colocalized exclusively with CENP-A/CID in such cells (upper panels in Figures 2B-2E) . Expression of ect-KTR, on the other hand, led to the strong recruitment of all KMN network components tested to the centrosome and the frequent diminution of the levels of these proteins at the kinetochore. Thus, immunostaining clearly revealed Mis12, Nsl1 (data not shown), Nnf1a, and Spc105 to colocalize with ect-KTR and the centrosomal markers dPlp and Spd2 (lower panels in Figures 2B-2D) . To determine the localization of the outer kinetochore plate Ndc80 complex, we cotransfected Dmel-2 cells with constructs expressing RFP-tagged ect-KTR and either EGFP-tagged Ndc80 ( Figure 2E ) or Nuf2 (data not shown). We found in both cases that these components of the Ndc80 complex localized to centrosomes in ect-KTR-expressing cells. In contrast, neither of the centromeric markers CAL1 or CENP-A/CID colocalized with ect-KTR; they were found only at centromeres ( Figure 2F) . Thus, the N-terminal part of CENP-C is not able to interact with centromeric proteins but is able to recruit the KMN network to an ectopic site in the cell.
We also asked whether, in addition to the core KMN network proteins, other ancillary proteins known to associate temporarily with kinetochores might be relocated onto ectopically positioned CENPC-N. We chose to examine the localization of the kinetochore-associated motor protein CENP-meta (the Drosophila counterpart of CENP-E) [25] and the spindle assembly checkpoint proteins Mad2 and BubR1. We found that, unlike the core KMN network proteins that were associated with centrosomes in all cells expressing ect-KTR, ancillary kinetochore proteins were only associated with centrosomes in a subset of ect-KTR-expressing cells. Thus, CENP-meta was predominantly centrosome associated in 78.8% of ect-KTR cells ( Figure 3A) . Mad2 also showed similar localization to ectopic sites ( Figure 3B Figure 3C ). This is in agreement with a recent report [26] and our own data [27] suggesting that BubR1 may have at least two independent binding sites: one on centromeres, which might be more exposed in cells expressing ect-KTR, and the other on kinetochores, which in cells expressing ect-KTR would be associated with centrosomes. In fact, this result supports the idea of BubR1 being recruited to centromeres rather than kinetochores. Because none of these ancillary kinetochore proteins associated with centrosomes in CLD-expressing cells, we concluded that the ectopic localization of the N-terminal part of CENP-C was responsible for localizing the core KMN network to centrosomes, and that this then permitted recruitment of other kinetochore-associated proteins.
As indicated above, we found frequent mitotic defects in cells expressing CENPC-N and ect-KTR, of which improperly congressed and scattered chromosomes were the most commonly observed aberrations ( Figures 4A and 4B) . The scattering of chromosomes on elongated spindles was reminiscent of the phenotype we observed after knockdown of components of the KMN network [9] . We observed that whereas spindles in CLD-expressing cells had a mean length of 6.83 6 0.78 mm (n = 25) that is typical of the parent Dmel-2 cell line [9] , spindles in ect-KTR and CENPC-N cells were significantly elongated and had mean lengths of 8.7 6 1.93 mm (n = 45) and 8.04 6 1.27 mm (n = 41), respectively ( Figure 4C ). To determine whether cells with elongated spindles were in anaphase, we costained cells with anti-CENP-A/CID and anti-cyclin B antibodies. This revealed that ect-KTR cells showing the mitotic phenotype had high levels of cyclin B and that the chromosomes had two centromeres and so were conjoined chromatids ( Figure S3 ). This strongly suggests that these cells were blocked in prometaphase with improperly congressed chromosomes and had not entered anaphase. Therefore, the chromosome scattering and the spindle elongation phenotype may be a consequence of the very long prometaphase block occurring as a result of the primary defect: severe congression problems.
We hypothesized that the high incidence of mitotic defects present after ect-KTR or CENPC-N expression was caused by the titration out of one or more KMN network proteins by the ectopic construct. This interpretation was supported by the observation that immunolocalization signals of kinetochore proteins ectopically localized at centrosomes were usually stronger than the signals at centromeres in ect-KTR cells (Figures 2B-2E ). To address this directly, we quantified fluorescence intensities of endogenous kinetochores after staining with anti-Mis12 and anti-Spc105 antibodies in relation to the intensities of the centromeric CENP-A/CID in CLD-, ect-KTR-, and CENPC-N-expressing cells. In ect-KTR-and Note that in this part of the study, we focused upon ect-KTR-expressing cells that did not show excessive scattering of chromosomes (see Figure 4 and associated text). This allowed us to ensure that any signal in the vicinity of the spindle poles was truly centrosome associated (and not centromere associated). See also Figure S2 .
CENPC-N-expressing cells, Mis12 levels at the kinetochore were reduced respectively to an average of 46% and 26.8% of the level in cells expressing the CLD construct alone. Similarly, levels of Spc105 were reduced to 29.2% and to 39.1% in ect-KTR and CENPC-N cells respectively (see distribution of signal intensities in Figure 4D ). Thus, we conclude that overexpression of ect-KTR or nontargeted CENPC-N indeed results in a depletion of kinetochore proteins from endogenous kinetochores, and that this in turn leads to mitotic defects.
Although the vast majority of CLD-expressing cells looked normal ( Figure 4A ), we noticed a low level of background aberrations that may be attributable to the expression of the Plk4 fragment, which is able to drive production of extra centrosomes (Q.D. Yu, N. Dzhindzhev, and D.M.G., unpublished data) and which may affect the efficiency of spindle assembly ( Figure 4B) . However, the finding of chromosomes scattered along elongated spindles was unique to CENPC-N-or ect-KTR-expressing cells and was not seen in CLD-expressing cells. This strong dominant-negative phenotype and the ectopic localization pattern of KMN network proteins in cells expressing ect-KTR lead to the unequivocal conclusion that the N-terminal domain of CENP-C is sufficient to recruit all of the major core kinetochore proteins, regardless of its localization in the cell.
Recent studies from a number of laboratories have provided a detailed description of the interaction network between subunits of the KMN supercomplex [20, 24, 28, 29] . This knowledge is key for reaching a full understanding of how kinetochores are formed early in mitosis and how they interact with microtubules of the mitotic spindle. Considerable progress has also been made in studies of centromere inheritance, composition, and function (e.g., [30] [31] [32] [33] ). However, little is known yet about the interaction between these two complex structures. Previously, we reported that kinetochore formation in Drosophila cells is absolutely dependent upon the presence of the centromeric protein CENP-C [9] , a finding recently confirmed by others [10] . The results we present here indicate that it is the N-terminal part of this protein that not only is responsible for binding to the KMN network but also is sufficient to recruit it to ectopic sites. The consequential depletion of KMN proteins from the centromeres of mitotic chromosomes to centrosomes leads to strong mitotic defects. Together, our data support a model in which one face of CENP-C binds CENP-A-rich centromeric chromatin and the other binds components of the KMN network, providing a platform for kinetochore assembly at the onset of mitosis. That such a function of CENP-C may be conserved is strongly suggested from a contemporaneous study of its interacting partners in human cells, also published in this issue of Current Biology [34] . The length of the CENP-C molecule, the bifunctionality of its binding, and its potential for posttranslational modification together suggest that this protein might not only provide structural support for kinetochore assembly but also be a major hub for regulating centromere and kinetochore function. It will be important to learn more about such potential regulatory mechanisms, and also to determine whether CENP-C is the only component of the centromere to provide an interface between centromeres and kinetochores in either Drosophila or vertebrates. 
